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TITLE OF THE INVENTION 

Variable Gain Differential Amplifier and Multiplication 
Circuit 

5 BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates to a variable gain 
differential amplifier and a multiplication circuit. 

10 Description of the Background Art 

A variable gain differential amplifier (differential 
amplification circuit having a variable gain function) is 
employed in general. An integrated circuit employing Si 
(silicon) devices such as bipolar transistors and MOSFETs 

15 (metal oxide semiconductor field-effect transistors) mainly 
includes an amplifier having a Gilbert-cell structure or an 
OTA (operational transconductance amplifier) structure as the 
variable gain differential amplifier. 

The amplifier having a Gilbert-cell structure has a wide 

20 variable gain range, but is inferior in power consumption and 
noise property. Therefore, a mobile communication device or 
the like generally employs an OTA structure having a variable 
resistance circuit formed by an FET switch and the like in a 
differential amplifier . 

25 Fig. 20 is a circuit diagram of a conventional variable 
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gain differential amplifier having an OTA structure. 

The variable gain differential amplifier shown in Fig. 
20 is formed by bipolar transistors (hereinafter simply 
referred to as transistors) 101 and 102, resistors 103, 104, 
5 105 and 106 and an n-MOSFET (hereinafter simply referred to 
as an FET) 10 7 . The FET 107 forms a variable resistance circuit 
200. 

The base of the transistor 101 is connected to an input 
terminal Nil receiving an input signal RFin(+), and the base 

10 of the transistor 102 is connected to another input terminal 
NI2 receiving another input signal RFin(-) . The input signals 
RFin(+) and RFin(-) are differential inputs. The collectors 
of the transistors 101 and 102 are connected to a power supply 
terminal NVC receiving a power supply voltage Vcc through the 

15 resistors 103 and 104 respectively. The emitters of the 
transistors 101 ad 102 are connected to ground terminals 
through the resistors 105 and 106 respectively. The collectors 
of the transistors 101 and 102 are connected to output terminals 
NOl and N02 respectively . Output signals RFout ( + ) and RFout ( - ) 

20 are derived from the output terminals NOl and N02 respectively. 
The output signals RFout (+) and RFout (- ) are differential 
outputs . 

The FET 107 is connected between nodes Nl and N2 connected 
to the emitters of the transistors 101 and 102 respectively. 
25 The gate of the FET 107 is connected to a control terminal NG 
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receiving a control voltage AGC through a resistor 110. 

In the variable gain differential amplifier shown in Fig. 
20, the control voltage AGC is applied to the gate of the FET 
107 for changing source-to-drain resistance of the FET 107, 
5 thereby performing gain control. When the FET 107 is brought 
into an ON- state, for example, the maximum gain and a low noise 
characteristic are attained. In this case, the variable gain 
differential amplifier is suitable for amplifying a small 
high-frequency signal. When the FET 10 7 is brought into an 
10 OFF-state, on the other hand, attenuation is maximized (minimum 
gain) to improve the distortion characteristic. In this case, 
the variable gain differential amplifier is resistant against 
cross modulation in a state having high electric field 
strength . 

15 In the aforementioned variable gain differential 

amplifier, continuous gain control can be performed by varying 
the control voltage AGC supplied to the gate of the FET 107 
forming the variable resistance circuit 200. 

However, the variable resistance circuit 200 of the 

20 aforementioned variable gain differential amplifier has strong 
nonlinearity in a region of the control voltage AGC around a 
pinch-off voltage of the FET 107. Thus, the distortion 
characteristic is deteriorated in the vicinity of a specific 
control voltage level. When the FET 107 is supplied with the 

25 control voltage AGC at which waveform distortion is increased 
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in continuous gain control, therefore, the distortion 
characteristic of the variable gain differential amplifier is 
deteriorated . 

In the variable gain differential amplifier shown in Fig. 
5 20, a high-frequency amplifier superior in dynamic range is 
implemented as the ratio of the impedance of the FET 107 in 
an OFF-state to the impedance in an ON-state is increased. It 
is ideal that the ON-state impedance ( Zon) of the FET 107 reaches 
zero and the OFF-state impedance (Zoff) thereof is infinite. 
10 However, the ideal state cannot be implemented due to 

finite ON-state resistance present in the ON-state of the FET 
107 and finite OFF-state capacitance present in the OFF-state 
thereof . 

Fig. 21(a) is a circuit diagram of the variable resistance 
15 circuit 200 of the variable gain differential amplifier shown 
in Fig. 20, Fig. 21(b) is an equivalent circuit diagram of the 
variable resistance circuit 200 with the FET 107 in an ON- 
state, and Fig. 21(c) is an equivalent circuit diagram of the 
variable resistance circuit 200 with the FET 107 in an 
20 OFF-state. 

It is assumed that Ron represents the ON-state resistance 
of the FET 107 and Coff represents the OFF-state capacitance 
thereof . 

The finite ON-state resistance Ron is present between 
25 the nodes Nl and N2 in the ON-state of the FET 107, while the 
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finite OFF-state capacitance Cof f is present between the nodes 
Nl and N2 in the OFF-state thereof. Thus , no ideal state can 
be implemented. 

In general, the ON-state resistance Ron and the OFF- 
5 state capacitance Coff of the FET 107 are expressed as follows 
with the gate width Wg thereof: 
Ron = Ron(mm) /Wg(mm) ... (1) 
Coff = Coff (mm) x Wg(mm) ...(2) 
where Ron (mm) represents the ON-state resistance per 1 mm of 

10 the gate width Wg, and Coff (mm) represents the OFF-state 
capacitance per 1 mm of the gate width Wg. It is understood 
from the above equations (1) and (2) that the ON-state 
resistance Ron is reduced and the OFF-state capacitance Coff 
is increased when the gate width Wg is increased. It is also 

15 understood that the ON-state resistance Ron is increased and 
the OFF-state capacitance Coff is reduced when the gate width 
Wg is reduced. 

If the gate width Wg of the FET 107 is increased to reduce 
the ON-state resistance Ron thereby improving a noise factor 

20 with respect to a small signal in the aforementioned 
conventional variable gain differential amplifier, the 
OFF-state capacitance Coff is increased in proportion to the 
gate width Wg to reduce the OFF-state impedance in a high- 
frequency domain when receiving a large signal . In other words , 

25 the distortion characteristic is deteriorated in this case. 
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If distortion is preferentially reduced, the noise factor is 
disadvantageously deteriorated with respect to a small signal. 

SUMMARY OF THE INVENTION 
5 An object of the present invention is to provide a 

variable gain differential amplifier and a multiplication 
circuit capable of reducing distortion to under a certain 
level. 

Another object of the present invention is to provide 

10 a variable gain differential amplifier and a multiplication 
circuit capable of increasing the gain and reducing noise when 
receiving a small signal while reducing distortion when 
receiving a large signal. 

"Multiplication circuit" is also called as "multiplier" 

15 and the term "multiplication circuit" covers "mixer". 

A variable gain differential amplifier according to an 
aspect of the present invention comprises a variable impedance 
circuit, a first transistor having a first terminal receiving 
a first input signal, a second terminal connected to a first 

20 potential through a first load and a third terminal connected 
to the variable impedance circuit and a second transistor 
having a first terminal receiving a second input signal, a 
second terminal connected to the first potential through a 
second load and a third terminal connected to the variable 

25 impedance circuit , and the variable impedance circuit includes 
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one or more first resistive elements connected between the 
third terminal of the first transistor and a second potential, 
one or more second resistive elements connected between the 
third terminal of the second transistor and the second 
5 potential and a plurality of variable impedance devices 
connected between one end of at least one first resistive 
element and one end of at least one second resistive element 
and between the other end of at least one first resistive element 
and the other end of at least one second resistive element 

10 respectively and having control terminals for receiving a 
common control voltage. 

In the variable gain differential amplifier according 
to this aspect of the present invention, the first and second 
transistors differentially amplify the first and second input 

15 signals . 

When a current flows from the first potential to the 
second potential through the first load, the first transistor 
and at least one first resistive element, the first resistive 
element develops a voltage drop. When a current flows from 

20 the first potential to the second potential through the second 
load, the second transistor and at least one second resistive 
element, the second resistive element develops a voltage drop. 
Thus, the potentials on one ends of the plurality of variable 
impedance devices differ from each other, and the potentials 

25 on the other ends of the plurality of variable impedance devices 



also differ from each other. In this case, the control 
terminals of the plurality of variable impedance devices are 
supplied with the common control voltage, so that the voltages 
of the control terminals relative to the one and the other ends 
5 of the plurality of variable impedance devices differ from each 
other. This is equal to a state of applying different control 
voltages to the plurality of variable impedance devices. When 
continuous gain control is performed by varying the control 
voltage, the distortion characteristic is consequently 

10 inhibited from abrupt deterioration at a specific control 
voltage level. Therefore, distortion lower than a certain 
level can be achieved. 

The plurality of variable impedance devices may be a 
plurality of field-effect transistors having gates receiving 

15 the common control voltage. 

In this case, the potentials on the sources of the 
plurality of field-effect transistors differ from each other, 
and the potentials on the drains of the plurality of 
field-effect transistors also differ from each other. The 

20 gates of the plurality of field-effect transistors are supplied 
with the common control voltage, so that the voltages of the 
gates relative to the sources and the drains of the plurality 
of field-effect transistors differ from each other. This is 
equal to a state of applying different control voltages to the 

25 plurality of field-effect transistors. When continuous gain 
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control is performed by varying the control voltage, the 
distortion characteristic is consequently inhibited from 
abrupt deterioration at a specific control voltage level. 

The one or more first resistive elements may include a 
5 first resistor connected between the third terminal of the 
first transistor and a first node and a second resistor 
connected between the first node and a second node receiving 
the second potential, the one or more second resistive elements 
may include a third resistor connected between the third 

10 terminal of the second transistor and a third node and a fourth 
resistor connected between the third node and a fourth node 
receiving the second potential, and the plurality of variable 
impedance devices may include a first variable impedance device 
connected between the third terminal of the first transistor 

15 and the third terminal of the second transistor and a second 
variable impedance device connected between the first node and 
the third node . 

In this case, the potential on one end of the first 
variable impedance device and the potential on one end of the 

20 second variable impedance device differ from each other due 
to a voltage drop on the first resistor while the potential 
on the other end of the first variable impedance device and 
the potential on the other end of the second variable impedance 
device differ from each other due to a voltage drop on the third 

25 resistor. Therefore, different control voltages are applied 
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to the first and second variable impedance devices . 
Consequently, distortion lower than a certain level can be 
achieved. 

The one or more first resistive elements may include a 
5 first resistor connected between the third terminal of the 
first transistor and a first node receiving the second 
potential, the one or more second resistive elements may 
include a second resistor connected between the third terminal 
of the second transistor and a second node receiving the second 

10 potential, and the plurality of variable impedance devices may 
include a first variable impedance device connected between 
the third terminal of the first transistor and the third 
terminal of the second transistor and a second variable 
impedance device connected between the first node and the 

15 second node. 

In this case, the potential on one end of the first 
variable impedance device and the potential on one end of the 
second variable impedance device differ from each other due 
to a voltage drop on the first resistor while the voltage on 

20 the other end of the first variable impedance device and the 
potential on the other end of the second variable impedance 
device differ from each other due to a voltage drop on the second 
resistor. Therefore, different control voltages are applied 
to the first and second variable impedance devices. 

25 Consequently, distortion lower than a certain level can be 
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achieved. 

The one or more first resistive elements may include a 
first resistor connected between the third terminal of the 
first transistor and a first node, a second resistor connected 
5 between the first node and a second node and a third resistor 
connected between the second node and a third node receiving 
the second potential, the one or more second resistive elements 
may include a fourth resistor connected between the third 
terminal of the second transistor and a fourth node, a fifth 

10 resistor connected between the fourth node and a fifth node 
and a sixth resistor connected between the fifth node and a 
sixth node receiving the second potential, and the plurality 
of variable impedance devices may include a first variable 
impedance device connected between the first node and said 

15 fourth node and a second variable impedance device connected 
between the second node and the fifth node. 

In this case, the potential on one end of the first 
variable impedance device and the potential on one end of the 
second variable impedance device differ from each other due 

20 to a voltage drop on the second resistor while the potential 
on the other end of the first variable impedance device and 
the potential on the other end of the second variable impedance 
device differ from each other due to a voltage drop on the fifth 
resistor. Therefore, different control voltages are applied 

25 to the first and second variable impedance devices. 
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Consequently, distortion lower than a certain level can be 
achieved. 

The one or more first resistive elements may include a 
first resistor connected between the third terminal of the 
5 first transistor and a first node and a second resistor 
connected between the first node and a second node receiving 
the second potential, the one or more second resistive elements 
may include a third resistor connected between the third 
terminal of the second transistor and a third node and a fourth 

10 resistor connected between the third node and a fourth node 
receiving the second potential, and the plurality of variable 
impedance devices may include a first variable impedance device 
connected between the first node and the third node and a second 
variable impedance device connected between the second node 

15 and the fourth node. 

In this case, the potential on one end of the first 
variable impedance device and the potential on one end of the 
variable impedance device differ from each other due to a 
voltage drop on the second resistor while the potential on the 

20 other end of the first variable impedance device and the 
potential on the other end of the second variable impedance 
device differ from each other due to a voltage drop on the fourth 
resistor. Therefore, different control voltages are applied 
to the first and second variable impedance devices. 

25 Consequently, distortion lower than a certail level can be 
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achieved* 

Each of the first and second transistors may be a bipolar 
transistor or a field-effect transistor. 

The variable gain differential amplifier may further 
comprise a first output terminal connected to the second 
terminal of the first transistor for deriving a first output 
signal and a second output terminal connected to the second 
terminal of the second transistor for deriving a second output 
signal. 

In this case, the first and second output signal 
indicating the result of differential amplification of the 
first and second input signals are derived on the first and 
second output terminals as differential outputs. 

A multiplication circuit according to another aspect of 
the present invention comprises first, second, third, fourth, 
fifth and sixth transistors each having a first terminal, a 
second terminal and a third terminal and a variable impedance 
circuit, while the first terminal of the first transistor 
receives a first input signal, the second terminal of the first 
transistor is connected to a first potential through a first 
load and the third terminal of the first transistor is connected 
to the second terminal of the fifth transistor, the first 
terminal of the second transistor receives a second input 
signal, the second terminal of the second transistor is 
connected to the first potential through a second load and the 
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third terminal of the second transistor is connected to the 
second terminal of the fifth transistor, the first terminal 
of the third transistor receives the second input signal, the 
second terminal of the third transistor is connected to the 
5 first potential through the first load and the third terminal 
of the third transistor is connected to the second terminal 
of the sixth transistor, the first terminal of the fourth 
transistor receives the first input signal, the second terminal 
of the fourth resistor is connected to the second potential 

10 through the second load and the third terminal of the fourth 
transistor is connected to the second terminal of the sixth 
transistor, the first terminal of the fifth transistor receives 
a third input signal, the first terminal of the sixth transistor 
receives a fourth input signal, and the variable impedance 

15 circuit includes one or more first resistive elements connected 
to the third terminal of the fifth transistor and the second 
potential, one or more second resistive elements connected to 
the third terminal of the sixth transistor and the second 
potential and a plurality of variable impedance devices 

20 connected between one end of at least one first resistive 
element and one end of at least one second resistive element 
and between the other end of at least one first resistive element 
and the other end of at least one second resistive element 
respectively and having control terminals receiving a common 

25 control voltage. 
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In the multiplication circuit according to this aspect 
of the present invention, the first to fourth transistors 
differentially amplify the first and second input signals and 
the fifth and sixth transistors differentially amplify the 
5 third and fourth input signals, while the result of 
differential amplification of the first and second input 
signals and the result of differential amplification of the 
third and fourth input signals are multiplied by each other* 
When a current flows from the first potential to the fifth 

10 transistor through the first and second loads and the first 
and second transistors and the current further flows to the 
second potential through the fifth transistor and at least one 
first resistive element, the first resistive element develops 
a voltage drop. When a current flows from the first potential 

15 to the sixth transistor through the first and second loads and 
the third and fourth transistors and the current further flows 
to the second potential through the sixth transistor and at 
least one first resistive element , the second resistive element 
develops a voltage drop. Thus, the potentials on one ends of 

20 the plurality of variable impedance devices differ from each 
other while the potentials on the other ends of the plurality 
of variable impedance devices also differ from each other. In 
this case, the control terminals of the plurality of variable 
impedance devices are supplied with the common control voltage, 

25 so that the voltages of the control terminals relative to one 
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and the other ends of the plurality of variable impedance 
devices differ from each other. This is equal to a state of 
applying different control voltages to the plurality of 
variable impedance devices. When continuous gain control is 
5 performed by varying the control voltage, the distortion 
characteristic is consequently inhibited from abrupt 
deterioration at a specific control voltage level. Therefore, 
distortion lower than a certain level can be achieved. 

The plurality of variable impedance devices may be a 

10 plurality of field-effect transistors having gates receiving 
the common control voltage. 

In this case, the potentials on the sources of the 
plurality of field-effect transistors differ from each other, 
and the potentials on the drains of the plurality of 

15 field-effect transistors also differ from each other. The 
gates of the plurality of field-effect transistors are provided 
with the common control voltage, so that the voltages of the 
gates relative to the sources and the drains of the plurality 
of field-effect transistor differ from each other. This is 

20 equal to a state of applying different control voltages to the 
plurality of field-effect transistors. When continuous gain 
control is performed by varying the control voltage, the 
distortion characteristic is consequently inhibited from 
abrupt deterioration at a specific control voltage level. 

25 The one or more first resistive elements may include a 
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first resistor connected between the third terminal of the 
fifth transistor and a first node and a second resistor 
connected between the first node and a second node receiving 
the second potential, the one or more second resistive elements 
5 may include a third resistor connected between the third 
terminal of the sixth transistor and a third node and a fourth 
resistor connected between the third node and a fourth node 
receiving the second potential, and the plurality of variable 
impedance devices may include a first variable impedance device 

10 connected between the third terminal of the fifth transistor 
and the third terminal of the sixth transistor and a second 
variable impedance device connected between the first node and 
the third node. 

In this case, the potential on one end of the first 

15 variable impedance device and the potential on one end of the 
second variable impedance device differ from each other due 
to a voltage drop on the first resistor while the potential 
on the other end of the first variable impedance device and 
the potential on the other end of the second variable impedance 

20 device differ from each other due to a voltage drop on the third 
resistor. Therefore, different control voltages are applied 
to the first and second variable impedance devices. 
Consequently, distortion lower than a certain level can be 
achieved. 

25 The one or more first resistive elements may include a 
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first resistor connected between the third terminal of the 
fifth transistor and a first node receiving the second 
potential, the one or more second resistive elements may 
include a second resistor connected between the third terminal 
5 of the sixth transistor and a second node receiving the second 
potential, and the plurality of variable impedance devices may 
include a first variable impedance device connected between 
the third terminal of the fifth transistor and the third 
terminal of the sixth transistor and a second variable 
10 impedance device connected between the first node and the 
second node . 

In this case, the potential on one end of the first 
variable impedance device and the potential on one end of the 
second variable impedance device differ from each other due 

15 to a voltage drop on the first resistor while the potential 
on the other end of the first variable impedance device and 
the potential on the other end of the second variable impedance 
device differ from each other due to a voltage drop on the second 
resistor- Therefore, different control voltages are applied 

20 to the first and second variable impedance devices. 
Consequently, distortion lower than a certain level can be 
achieved. 

The one or more first resistive elements may include a 
first resistor connected between the third terminal of the 
25 fifth transistor and a first node, a second resistor connected 
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between the first node and a second node and a third resistor 
connected between the second node and a third node receiving 
the second potential, the one or more second resistive elements 
may include a fourth resistor connected between the third 
5 terminal of the sixth transistor and a fourth node, a fifth 
resistor connected between the fourth node and a fifth node 
and a sixth resistor connected between the fifth node and a 
sixth node receiving the second potential, and the plurality 
of variable impedance devices may include a first variable 

10 impedance device connected between the first node and the 
fourth node and a second variable impedance device connected 
between the second node and the fifth node. 

In this case, the potential on one end of the first 
variable impedance device and the potential on one end of the 

15 second variable impedance device differ from each other due 
to a voltage drop on the second resistor while the potential 
on the other end of the first variable impedance device and 
the potential on the other end of the second variable impedance 
device differ from each other due to a voltage drop on the fifth 

20 resistor. Therefore, different control voltages are applied 
to the first and second variable impedance devices. 
Consequently, distortion lower than a certain level can be 
achieved. 

The one or more first resistive elements may include a 
25 first resistor connected between the third terminal of the 
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fifth transistor and a first node and a second resistor 
connected between the first node and a second node receiving 
the second potential, the one or more second resistive elements 
may include a third resistor connected between the third 
terminal of the sixth transistor and a third node and a fourth 
resistor connected between the third node and a fourth node 
receiving the second potential, and the plurality of variable 
impedance devices may include a first variable impedance device 
connected between the first node and the third node and a second 
variable impedance device connected between the second node 
and the fourth node. 

In this case, the potential on one end of the first 
variable impedance device and the potential on one end of the 
second variable impedance device differ from each other due 
to a voltage drop on the second resistor while the potential 
on the other end of the first variable impedance device and 
the potential on the other end of the second variable impedance 
device differ from each other due to a voltage drop on the fourth 
resistor. Therefore, different control voltages are applied 
to the first and second variable impedance devices. 
Consequently, distortion lower than a certain level can be 
achieved . 

Each of the first to sixth transistors may be a bipolar 
transistor or a field-effect transistor. 

The multiplication circuit may further comprise a first 



21 



output terminal connected to the second terminals of the first 
and third transistors for deriving a first output signal and 
a second output terminal connected to the second terminals of 
the second and fourth transistors for deriving a second output 
5 signal. 

In this case, the first and second output signals 
indicating the result of multiplication of the result of 
differential amplification of the first and second input 
signals and the result of differential amplification of the 

10 third and fourth input signals are derived on the first and 
second output terminal as differential outputs. 

A variable gain differential amplifier according to 
still another aspect of the present invention comprises a first 
transistor having a first terminal receiving a first input 

15 signal, a second terminal connected to a first potential 
through a first load and a third terminal connected to a second 
potential through a second load, a second transistor having 
a first terminal receiving a second input signal, a second 
terminal connected to the first potential through a third load 

20 and a third terminal connected to the second potential through 
a fourth load and a variable impedance circuit connected 
between the third terminal of the first transistor and the third 
terminal of the second transistor, while the variable impedance 
circuit includes a plurality of first variable impedance 

25 devices serially connected between the third terminal of the 
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first transistor and the third terminal of the second 
transistor and at least one second variable impedance device 
that is connected between a node between the plurality of first 
variable impedance devices and the second potential and is 
5 turned on/off complementarily to the plurality of first 
variable impedance devices . 

In the variable gain differential amplifier according 
to this aspect of the present invention, the first and second 
transistors differentially amplify the first and second input 

10 signals. In this case, the plurality of first variable 
impedance devices and at least one second variable impedance 
device of the variable impedance circuit are turned on/off 
complementarily to each other, so that the impedance of the 
variable impedance circuit is varied. 

15 When a small signal is input, the plurality of first 

variable impedance devices are turned on and at least one second 
variable impedance device is turned off. Thus, the impedance 
of the variable impedance circuit is reduced. When a large 
signal is input, the plurality of first variable impedance 

20 devices are turned off and at least one second variable 
impedance device is turned on. Thus, the impedance of the 
variable impedance circuit is increased. 

In this case, the ratio of the impedance of the variable 
impedance circuit obtained when the first variable impedance 

25 devices are off and the second variable impedance device is 
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on to the impedance of the variable impedance circuit obtained 
when the first variable impedance devices are on and the second 
variable impedance device is off is increased. Consequently, 
increase of the gain and reduction of noises can be achieved 
5 when receiving a small signal while reduction of distortion 
can be achieved when receiving a large signal, also in a 
high-frequency domain. 

The variable gain differential amplifier may further 
comprise an output terminal connected to the second terminal 
10 of the second transistor for deriving an output signal. 

In this case, an output signal indicating the result of 
differential amplification of the first and second input 
signals is derived on the output terminal. 

The variable gain differential amplifier may further 
15 comprise a first output terminal connected to the second 
terminal of the first transistor for deriving a first output 
signal and a second output terminal connected to the second 
terminal of the second transistor for deriving a second output 
signal . 

20 In this case, first and second output signals indicating 

the result of differential amplification of the first and 
second input signals are derived on the first and second output 
terminals as differential outputs. 

The variable gain differential amplifier may further 

25 comprise an input terminal receiving the first input signal 
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for supplying the first input signal to the first terminal of 
the first transistor and an inversion circuit that inverts the 
first input signal from the input terminal for supplying the 
inverted first input signal to the first terminal of the second 
5 transistor as a second signal. 

When a single first input signal is supplied, the first 
input signal is invented and the first input signal and the 
inverted signal thereof are differentially amplified. 

A multiplication circuit according to a further aspect 

10 of the present invention comprises first, second, third, fourth, 
fifth and sixth transistors each having a first terminal, a 
second terminal and a third terminal and a variable impedance 
circuit, while the first terminal of the first transistor 
receives a first input signal, the second terminal of the first 

15 transistor is connected to a first potential through a first 
load and the third terminal of the first transistor is connected 
to the second terminal of the fifth transistor, the first 
terminal of the second transistor receives a second input 
signal, the second terminal of the second transistor is 

20 connected to the first potential through a second load and the 
third terminal of the second transistor is connected to the 
second terminal of the fifth transistor, the first terminal 
of the third transistor receives the second input signal, the 
second terminal of the third transistor is connected to the 

25 first potential through the first load and the third terminal 
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of the third transistor is connected to the second terminal 
of the sixth transistor, the first terminal of the fourth 
transistor receives the first input signal, the second terminal 
of the fourth transistor is connected to the first potential 
5 through the second load and the third terminal of the fourth 
transistor is connected to the second terminal of the sixth 
transistor, the first terminal of the fifth transistor receives 
a third input signal and the third terminal of the fifth 
transistor is connected to a second potential through a third 

10 load, the first terminal of the sixth transistor receives a 
fourth input signal and the third terminal of the sixth 
transistor is connected to the second potential through a 
fourth load, and the variable impedance circuit includes a 
plurality of first variable impedance devices serially 

15 connected between the third terminal of the fifth transistor 
and the third terminal of the sixth transistor and at least 
one second variable impedance device that is connected between 
a node between the plurality of first variable impedance 
devices and the second potential and is turned on/off 

20 complementarily to the plurality of first variable impedance 
devices . 

In the multiplication circuit according to this aspect 
of the present invention, the first to fourth transistors 
differentially amplify the first and second input signals, the 
25 fifth and sixth transistors differentially amplify the third 
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and fourth input signals, and the result of differential 
amplification of the first and second input signals and the 
result of differential amplification of the third and fourth 
input signals are multiplied by each other. 
5 In this case, the plurality of first variable impedance 

devices and at least one second variable impedance device of 
the variable impedance circuit are turned on/off 
complementarily to each other, so that the impedance of the 
variable impedance circuit is varied. 

10 When a small signal is received, the plurality of first 

variable impedance devices are turned on and at least one second 
variable impedance device is turned off. Thus, the impedance 
of the variable impedance circuit is reduced. When a large 
signal is input, the plurality of first variable impedance 

15 devices are turned off and at least one second variable 
impedance device is turned on. Thus, the impedance of the 
variable impedance circuit is increased. 

In this case, the ratio of the impedance of the variable 
impedance circuit obtained when the first variable impedance 

20 devices are off and the second variable impedance device is 
on to the impedance of the variable impedance circuit obtained 
when the first variable impedance devices are on and the second 
variable impedance device is off is increased. Consequently, 
increase of the gain and reduction of noise can be achieved 

25 when receiving a small signal while reduction of distortion 
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can be achieved when receiving a large signal, also in a 
high-frequency domain. 

The multiplication circuit may further comprise an 
output terminal connected the second terminals of the second 
5 and fourth transistors for deriving an output signal. 

In this case, an output signal indicating the result of 
multiplication of the result of differential amplification of 
the first and second input signals and the result of 
differential amplification of the third and fourth input 
10 signals is derived on the output terminal. 

The multiplication circuit may further comprise a first 
output terminal connected to the second terminals of the first 
and third transistors for deriving a first output signal and 
a second output terminal connected to the second terminals of 
15 said second and fourth transistors for deriving a second output 
signal . 

In this case, the first and second output signals 
indicating the result of multiplication of the result- of 
differential amplification of the first and second input 
20 signals and the result of differential amplification of the 
third and fourth input signals are derived on the first and 
second output terminals as differential outputs. 

The multiplication circuit may further comprise a first 
input terminal receiving the first input signal for supplying 
25 the first input signal to the first terminals of the first and 
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fourth transistors, a first inversion circuit that inverts the 
first input signal from the first input terminal for supplying 
the inverted first input signal to the first terminals of the 
second and third transistors as the second input signal, a 
5 second input terminal receiving the third input signal for 
supplying the third input signal to the first terminal of the 
fifth transistor and a second inversion circuit that inverts 
the third input signal from the second input terminal for 
supplying the inverted third input signal to the first terminal 

10 of the sixth transistor as the fourth input signal. 

When a single first input signal and a single third input 
signal are supplied, the first and third input signals are 
inverted respectively and the first input signal and the 
inverted signal thereof are differentially amplified while the 

15 third input signal and the inverted signal thereof are 
differentially amplified and the result of differential 
amplification of the first input signal and the inverted signal 
thereof and the result of differential amplification of the 
third input signal and the inverted signal thereof are 

20 multiplied by each other. 

The foregoing and other objects, features, aspects and 
advantages of the present invention will become more apparent 
from the following detailed description of the present 
invention when taken in conjunction with the accompanying 

25 drawings . 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a circuit diagram showing the structure of a 
variable gain differential amplifier according to a first 
5 embodiment of the present invention; 

Fig. 2 illustrates the results of calculation of control 
voltage dependency of distortion characteristics in the 
variable gain differential amplifier according to the first 
embodiment shown in Fig. 1 and a variable gain differential 
10 amplifier shown in Fig. 20: 

Fig. 3 is a circuit diagram showing the structure of a 
variable gain differential amplifier according to a second 
embodiment of the present invention; 

Fig. 4 is a circuit diagram showing the structure of a 
15 variable gain differential amplifier according to a third 
embodiment of the present invention; 

Fig. 5 is a circuit diagram showing the structure of a 
variable gain differential amplifier according to a fourth 
embodiment of the present invention; 
20 Fig. 6 is a circuit diagram showing the structure of a 

variable gain differential amplifier according to a fifth 
embodiment of the present invention; 

Fig. 7 is a circuit diagram showing the structure of a 
Gilbert-cell multiplication circuit according to a sixth 
25 embodiment of the present invention; 
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Fig. 8 is a circuit diagram showing the structure of a 
Gilbert -cell multiplication circuit according to a seventh 
embodiment of the present invention; 

Fig. 9 is a circuit diagram showing the structure of a 
Gilbert -cell multiplication circuit according to an eighth 
embodiment of the present invention; 

Fig. 10 is a circuit diagram showing the structure of 
a Gilbert -cell multiplication circuit according to a ninth 
embodiment of the present invention; 

Fig. 11 is a circuit diagram showing the structure of 
a Gilbert-cell multiplication circuit according to a tenth 
embodiment of the present invention; 

Fig. 12 is a circuit diagram showing the structure of 
a variable gain differential amplifier according to an eleventh 
embodiment of the present invention; 

Figs. 13(a) to 13(c) are diagrams for illustrating 
equivalent circuits of a variable resistance circuit shown in 
Fig. 12; 

Fig. 14 illustrates the results of calculation of 
isolation and insertion loss of a variable resistance circuit 
shown in Figs. 21(a) to 21(c); 

Fig. 15 illustrates the results of calculation of 
isolation and insertion loss of the variable resistance circuit 
shown in Figs. 13(a) to 13(c); 

Fig. 16 is a circuit diagram showing the structure of 
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a variable gain differential amplifier according to a twelfth 
embodiment of the present invention; 

Fig. 17 illustrates another exemplary variable 
resistance circuit ; 
5 Fig. 18 is a circuit diagram showing the structure of 

a Gilbert -cell multiplication circuit according to a 
thirteenth embodiment of the present invention; 

Fig. 19 is a circuit diagram showing the structure of 
a Gilbert-cell multiplication circuit according to a 
10 fourteenth embodiment of the present invention; 

Fig. 20 is a circuit diagram showing the structure of 
a conventional variable gain differential amplifier; and 

Figs. 21(a) to 21(c) are diagrams for illustrating 
equivalent circuits of the variable resistance circuit show 
15 in Fig. 20. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Fig. 1 is a circuit diagram showing the structure of a 
variable gain differential amplifier according to a first 
20 embodiment of the present invention. 

The variable gain differential amplifier shown in Fig. 
1 is formed by bipolar transistors (hereinaf ter simply referred 
to as transistors) 1 and 2, resistors 3, 4, 51, 52, 61, 62, 
81 and 92 and n-MOSFETs (hereinafter simply referred to FETs ) 
25 71 and 72. The resistors 3, 4, 51, 52, 61 and 62 serve as 
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constant current sources . 

The base of the transistor 1 is connected to an input 
terminal Nil receiving an input signal RFin(+), and the base 
of the transistor 2 is connected to another input terminal NI2 
5 receiving another input signal RFin(-). The input signals 
RFin(+) and RFin(-) are differential inputs. The collectors 
of the transistors 1 and 2 are connected to a power supply 
terminal NVC receiving a power supply voltage Vcc through the 
resistors 3 and 4 respectively. 

10 The collectors of the transistors 1 and 2 are connected 

to output terminals NOl an N02 respectively. Output signals 
RFout(+) and RFout(-) are derived from the output terminals 
NOl and N02 respectively. The output signals RFout(+) and 
RFout(-) are differential outputs. 

15 The emitter of the transistor 1 is connected to a node 

Nil, the resistor 51 is connected between the node Nil and 
another node N12, and the resistor 52 is connected between the 
node N12 and a ground terminal. The emitter of the transistor 
2 is connected to a node N21, the resistor 61 is connected 

20 between the node N21 and another node N22, and the resistor 
62 is connected between the node N22 and a ground terminal. 

The FET 71 is connected between the nodes Nil and N21, 
and the FET 72 is connected between the nodes N12 and N22. The 
gates of the FETs 71 and 72 are connected to a control terminal 

25 NG receiving a control voltage AGC through the resistors 81 



and 82 respectively. The resistors 51. 52 , 61 and 62 and the 
FETs 71 and 72 form a variable resistance circuit 30. 

In this embodiment, the transistor 1 corresponds to the 
first transistor, the transistor 2 corresponds to the second 
5 transistor, and the FETs 71 and 72 correspond to the variable 
impedance devices. The resistor 3 corresponds to the first 
load, the resistor 4 corresponds to the second load, the 
resistors 51 and 52 correspond to the first resistive elements, 
and the resistors 61 and 62 correspond to the second resistive 

10 elements. Further, the variable resistance circuit 30 
corresponds to the variable impedance circuit. 

The resistors 3 and 4 have equal resistance values, the 
resistors 51 and 61 have equal resistance values, and the 
resistors 52 and 62 have equal resistance values respectively. 

15 It is assumed that RE1 represents the resistance values of the 
resistors 51 and 61, and RE2 represents the resistance values 
of the resistors 52 and 62. It is also assumed that IE 
represents emitter currents of the transistors 1 and 2. 

When the emitter current IE of the transistor 1 flows 

20 to the variable resistance circuit 30, the serially connected 
resistors 51 and 52 develop voltage drops. The voltage drop 
on the resistor 51 is expressed as RE1 x IE, and the voltage 
drop on the resistor 52 is expressed as RE2 x IE. Similarly, 
a voltage drop on the resistor 61 is expressed as RE1 x IE, 

25 and a voltage drop on the resistor 62 is expressed as RE2 x 
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IE. Thus, the potentials on the sources of the FETs 71 and 
72 differ from each other, and the potentials on the drains 
of the FETs 71 and 72 also differ from each other. In other 
words, the potential difference between the nodes Nil and N12 
5 is expressed as RE1 x IE, and the potential difference between 
the nodes N21 and N22 is also expressed as RE1 x IE. 

The gates of the FETs 71 and 72 are supplied with the 
common control voltage AGC, whereby the gate-to-source voltage 
and the gate-to-drain voltage of the FET 71 differ from those 

10 of the FET 72 respectively. This is equal to a state of 
supplying different control voltages to the gates of the FETs 
71 and 72. When a control voltage at which nonlinearity is 
maximized is applied to the FET 71, therefore, it follows that 
a control voltage at which nonlinearity is reduced is applied 

15 to the FET 72. When a control voltage at which nonlinearity 
is maximized is applied to the FET 72, on the other hand, it 
follows that a control voltage at which nonlinearity is reduced 
is applied to the FET 71. Consequently, the distortion 
characteristic of the variable gain differential amplifier at 

20 a specific level of the control voltage AGC is inhibited from 
abrupt deterioration when continuous gain control is performed 
by varying the control voltage AGC. 

Distortion characteristics of the variable gain 
differential amplifier according to the. first embodiment shown 

25 in Fig. 1 and that shown in Fig. 20 were compared with each 



other. Fig. 2 illustrates the results of calculation of 
control voltage dependence of the distortion characteristics 
in the variable gain differential amplifier according to the 
first embodiment shown in Fig. 1 and that shown in Fig. 20. 
5 Third order distortion was calculated under operating 
conditions of varying the control voltage AGC with input power 
while keeping output power constant. 

As shown in Fig. 2, third order distortion at a control 
voltage level A is reduced and third order distortion at a 

10 control voltage level B is increased in the variable gain 
differential amplifier according to the first embodiment shown 
in Fig. 1 as compared with the conventional variable gain 
differential amplifier shown in Fig. 20. Thus, the maximum 
value of third order distortion is reduced and the distortion 

15 characteristic is flattened over a wide region of the control 
voltage . 

Thus, in the variable gain differential amplifier 
according to the first embodiment, distortion lower than a 
certain level can be achieved. 
20 Fig. 3 is a circuit diagram showing the structure of a 

variable gain differential amplifier according to a second 
embodiment of the present invention. 

The variable gain differential amplifier shown in Fig. 
3 is different from that shown in Fig. 1 in a point that no 
25 resistors 52 and 62 are connected between a node N12 and a ground 
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terminal and between another node N22 and a ground terminal 
in a variable resistance circuit 30. The structures of the 
remaining parts of the variable gain differential amplifier 
shown in Fig. 3 are similar to those of the variable gain 
5 differential amplifier shown in Fig. 1. 

Also in the variable gain differential amplifier 
according to this embodiment, the distortion characteristic 
is improved over a wide region of the variable gain range. In 
particular, the difference between effective control voltages 
10 for two FETs 71 and 7 2 of the variable resistance circuit 30 
can be so increased as to separate peak positions at which the 
distortion characteristic is deteriorated in the variable gain 
range . 

Fig. 4 is a circuit diagram showing the structure of a 
15 variable gain differential amplifier according to a third 
embodiment of the present invention. 

The variable gain differential amplifier shown in Fig. 
4 is different from that shown in Fig. 1 in a point that a 
resistor 50 is further connected between the emitter of a 
20 transistor 1 and a node Nil and another resistor 60 is further 
connected between the emitter of a transistor 2 and another 
node N21 in a variable resistance circuit 30. The structures 
of the remaining parts of the variable gain differential 
amplifier shown in Fig. 4 are similar to those of the variable 
25 gain differential amplifier shown in Fig. 1. 
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In the variable gain differential amplifier according 
to this embodiment, distortion lower than a certain level can 
be achieved although the difference between effective control 
voltages for two FETs 71 and 72 of the variable resistance 
5 circuit 30 cannot be increased as compared with the variable 
gain differential amplifier according to the second 
embodiment . 

Fig. 5 is a circuit diagram showing the structure of a 
variable gain differential amplifier according to a fourth 

10 embodiment of the present invention. 

The variable gain differential amplifier shown in Fig. 
5 is different from that shown in Fig. 1 in a point that a 
resistor 50 is connected between the emitter of a transistor 
1 and a node Nil, another resistor 60 is connected between the 

15 emitter of a transistor 2 and another node N21 and no resistors 
52 and 62 are connected between a node N12 and a ground terminal 
and between another node N22 and a ground terminal in a variable 
resistance circuit 30. The structures of the remaining parts 
of the variable gain differential amplifier shown in Fig. 5 

20 are similar to those of the variable gain differential 
amplifier shown in Fig. 1. 

In the variable gain differential amplifier according 
to this embodiment, the difference between effective control 
voltages for two FETs 71 and 72 of the variable resistance 

25 circuit 30 can be increased and distortion lower than a certain 
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level can be achieved, although reduction of a noise factor 
is limited. 

Fig. 6 is a circuit diagram showing the structure of a 
variable gain differential amplifier according to a fifth 
5 embodiment of the present invention. 

The variable gain differential amplifier shown in Fig. 
6 is different from that shown in Fig. 1 in a point that (m 
+ 1) resistors 50, 5k , — , .5m are serially connected between 
the emitter of a transistor 1 and a ground terminal, (m + 1) 
10 resistors 60, 6k, 6m are serially connected between the 
emitter of a resistive transistor 2 and a ground terminal and 
FETs 71, — , 7k, — , 7m are connected between nodes Nil, — , Nik, 
Nlm between the resistors 50, — , 5k, — , 5m and nodes N21, 
*, N2k, — , N2m between the resistors 60, 6k, — , 6m 

15 respectively, where m represents an integer of at least 3. The 
gates of the FETs 71, 7k, 7m are connected to a control 
terminal NG receiving a control voltage AGC through resistors 
81, — , 8k, — , 8m respectively . Fig. 6 shows only the resistors 
5k, 6k, 8k and 8k + 1 and the FETs 7k and 7k + 1 , where k represents 
20 0, — , m. The structures of the remaining parts of the variable 
gain differential amplifier shown in Fig. 6 are similar to those 
of the variable gain differential amplifier shown in Fig. 1. 

Also in the variable gain differential amplifier 
according to this embodiment, distortion lower than a certain 
25 level can be achieved. 



In this case, the maximum value of third order distortion 
at a specific control voltage level is reduced while third order 
distortion is increased in a wide region of other control 
voltage levels as the number of the resistors 50, — , 5k, 
5 5m connected between the emitter of the transistor 1 and the 
ground terminal and the resistors 60, — , 6k, 6m connected 
between the emitter of the transistor 2 and the ground terminal 
as well as the number of the FETs 71, 7k, 7m are increased. 

From the variable gain differential amplifiers according 
10 to the first to fifth embodiments, therefore, that having the 
optimum characteristics can be selected in accordance with the 
characteristics required to the variable gain differential 
amplifier . 

Fig. 7 is a circuit diagram showing the structure of a 
15 Gilbert-cell multiplication circuit (mixer) according to a 
sixth embodiment of the present invention. 

The Gilbert-cell multiplication circuit (mixer) shown 
in Fig. 7 is formed by bipolar transistors (hereinafter simply 
referred to as transistors) 1, 2, 21, 22, 23 and 24, resistors 
20 3, 4, 51, 52, 61, 62, 81 and 82 and n-MOSFETs (hereinafter simply 
referred to as FETs) 71 and 72. The resistors 3, 4, 51, 52, 
61 and 62 serve as constant current sources. The resistors 
51, 52, 61 and 62 and the FETs 71 and 72 form a variable 
resistance circuit 30. 
25 The base of the transistor 1 is connected to an input 



terminal Nil receiving an input signal RFin(+), and the base 
of the transistor 2 is connected to another input terminal NI2 
receiving another input signal RFin(-). The input signals 
RFin(+) and RFin(-) are differential inputs. The transistors 
5 21 and 22 are inserted between the collector of the transistor 
1 and output terminals NOl and N02 respectively. The 
transistors 23 and 24 are inserted between the collector of 
the transistor 2 and the output terminals NOl and N02 
respectively. The bases of the transistors 21 and 24 are 

10 connected to an input terminal NI3 receiving an input signal 
LOin( + ) , and the bases of the transistors 22 and 23 are connected 
to another input terminal NI4 receiving another input signal 
LOin(-). The input signals LOin(+) and LOin(-) are 
differential inputs. The collectors of the transistors 21 and 

15 23 are connected to a power supply terminal NVC receiving a 
power supply voltage Vcc through the resistor 3. The 
collectors of the transistors 22 and 24 are connected to the 
power supply terminal NVC through the resistor 4. 

The structures of the remaining parts of the Gilbert -cell 

20 multiplication circuit shown in Fig. 7 are similar to those 
of the variable gain differential amplifier shown in Fig. 1. 

In this embodiment, the transistor 1 corresponds to the 
first transistor, the transistor 2 corresponds to the second 
transistor, the transistor 21 corresponds to the third 

25 transistor, the transistor 22 corresponds to the fourth 
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transistor, the transistor 23 corresponds to the fifth 
transistor and the transistor 24 corresponds to the sixth 
transistor. The FETs 71 and 72 correspond to the variable 
impedance devices. The resistor 3 corresponds to the first 
5 load, the resistor 4 corresponds to the second load, the 
resistors 51 and 52 correspond to the first resistive elements, 
and the resistors 61 and 62 correspond to the second resistive 
elements. Further, the variable resistance circuit 30 
corresponds to the variable impedance circuit . 

10 It is assumed that a differential input signal RF is 

expressed as RFin(+) - RFin(-), another differential input 
signal LO is expressed as LOin(+) - LOin(-) and a differential 
output signal IF is expressed as IFout ( + ) - IFout ( - ) . Assuming 
that f RP represents the frequency of the differential input 

15 signal RF , f LO represents the frequency of the differential 
input signal LO and f IF represents the frequency of the 
differential output signal IF, the following equation holds: 

f IF = f RF ~ f LO 

Assuming that the frequency f RF of the differential input 
20 signal RF is 1.1 GHz and the frequency f LO of the differential 
input signal LO is 1 GHz, the frequency f IF of the differential 
output signal IF is 2.1 GHz or 100 MHz. When taking out the 
frequency f IF of 100 MHz, the Gilbert-cell multiplication 
circuit shown in Fig. 7 can serve as a down-converter. 
25 In the Gilbert-cell multiplication circuit shown in Fig. 
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7, the gates of the FETs 71 and 72 are supplied with a common 
control voltage AGC, and hence the gate-to-source voltage and 
the gate-to-drain voltage of the FET 71 differ from those of 
the FET 72. This is equal to a state of supplying different 
5 control voltages to the gates of the FETs 71 and 72. When a 
control voltage at which nonlinearity is maximized is applied 
to the FET 71, therefore, it follows that a control voltage 
at which nonlinearity is reduced is applied to the FET 72 . When 
a control voltage at which nonlinearity is maximized is applied 

10 to the FET 72, on the other hand, it follows that a control 
voltage at which nonlinearity is reduced is applied to the FET 
71. Consequently, the distortion characteristic of the 
Gilbert -cell multiplication circuit at a specific level of the 
control voltage AGC is inhibited from abrupt deterioration when 

15 continuous gain control is performed by varying the control 
voltage AGC. 

Thus, in the Gilbert-cell multiplication circuit 
according to this embodiment, distortion lower than a certain 
level can be achieved. 
20 Fig. 8 is a circuit diagram showing the structure of a 

Gilbert-cell multiplication circuit according to a seventh 
embodiment of the present invention. 

The Gilbert -cell multiplication circuit shown in Fig. 
8 is different from that shown in Fig. 7 in a point that no 
25 resistors 52 and 6 2 are connected between a node NI2 and a ground 
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terminal and between another node N22 and a ground terminal 
in a variable resistance circuit 30. The structures of the 
remaining parts of the Gilbert -cell multiplication circuit 
shown in Fig. 8 are similar to those of the Gilbert-cell 
5 multiplication circuit shown in Fig. 7. 

Also in the Gilbert -cell multiplication circuit 
according to this embodiment, the distortion characteristic 
is improved over a wide region of the variable gain range . In 
particular, the difference between effective control voltages 
10 for two FETs 71 and 72 of the variable resistance circuit 30 
can be so increased as to separate peak positions at which the 
distortion characteristic is deteriorated in the variable gain 
range . 

Fig. 9 is a circuit diagram showing the structure of a 
15 Gilbert-cell multiplication circuit according to an eighth 
embodiment of the present invention. 

The Gilbert-cell multiplication circuit shown in Fig. 
9 is different from that shown in Fig. 7 in a point that a 
resistor 50 is further connected between the emitter of a 
20 transistor 1 and a node Nil and another resistor 60 is further 
connected between the emitter of another transistor 2 and 
another node N21 in a variable resistance circuit 30. The 
structures of the remaining parts of the Gilbert-cell 
multiplication circuit shown in Fig. 9 are similar to those 
25 of the Gilbert-cell multiplication circuit shown in Fig. 7. 
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In the Gilbert-cell multiplication circuit according to 
this embodiment, distortion lower than a certain level can be 
achieved although the difference between effective control 
voltages for two FETs 71 and 72 of the variable resistance 
circuit 30 cannot be increased as compared with the 
Gilbert-cell multiplication circuit according to the seventh 
embodiment . 

Fig. 10 is a circuit diagram showing the structure of 
a Gilbert-cell multiplication circuit according to a ninth 
embodiment of the present invention. 

The Gilbert -cell multiplication circuit shown in Fig. 
10 is different from that show in Fig. 7 in a point that a 
resistor 50 is connected between the emitter of a transistor 
1 and a node Nil, another resistor 60 is connected between the 
emitter of another transistor 2 and another node N21, and no 
resistors 52 and 62 are connected between a node N12 and a ground 
terminal and between another node N22 an a ground terminal. 
The structures of the remaining parts of the Gilbert -cell 
multiplication circuit shown in Fig. 10 are similar to those 
of the Gilbert -cell multiplication circuit shown in Fig. 7. 

In the Gilbert -cell multiplication circuit according to 
this embodiment, the difference between effective control 
voltages for two FETs 71 and 72 of the variable resistance 
circuit 30 can be increased and distortion lower than a certain 
level can be achieved, although reduction of a noise factor 
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is limited. 

Fig. 11 is a circuit diagram showing the structure of 
a Gilbert-cell multiplication circuit according to a tenth 
embodiment of the present invention. 
5 The Gilbert -cell multiplication circuit shown in Fig. 

11 is different from that shown in Fig. 7 in a point that (m 
+ 1) resistors 50, 5k, 5m are serially connected between 
the emitter of a transistor 1 and a ground terminal, (m + 1) 
resistors 60, — , 6k, 6m are serially connected between the 

10 emitter of a resistive transistor 2 and a ground terminal and 
FETs 71, 7k, — , 7m are connected between nodes Nil, — , Nik, 
— , Nlm between the resistors 50, — , 5k, — , 5m and nodes N21, 
— , N2k, N2m between the resistors 60, 6k, — , 6m 

respectively, where m represents an integer of at least 3 . The 

15 gates of the FETs 71, — , 7k, — , 7m are connected to a control 
terminal NG receiving a control voltage AGC through resistors 
81, — , 8k, — , 8m respectively . Fig. 11 shows only the resistors 
5k, 6k, 8k and 8k + 1 and the FETs 7k and 7k + 1 , where }g represents 
0, — , m. The structures of the remaining parts of the 

20 Gilbert-cell multiplication circuit shown in Fig. 11 are 
similar to those of the Gilbert-cell multiplication circuit 
shown in Fig. 7. 

Also in the Gilbert-cell multiplication circuit 
according to this embodiment, distortion lower than a certain 

25 level can be achieved. 
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As hereinabove described, each of the aforementioned 
embodiments implements a variable gain differential amplifier 
or a Gilbert -cell multiplication circuit having a low noise 
characteristic and a low distortion characteristic with a 
5 simple circuit structure by employing the variable resistance 
circuit 30. 

In particular, the common control voltage AGC is applied 
to the FETs 71 and 72 (and 7k and 7k + 1) of the variable 
resistance circuit 30, whereby gain control can be simply 

10 performed. 

While each of the aforementioned embodiments employs 
bipolar transistors as the first to sixth transistors, other 
transistors such as MOSFETs or MESFETs (metal-electrode- 
semiconductor field-effect transistors) may alternatively be 

15 employed as the first to sixth transistors. The first to sixth 
variable impedance devices may have an impedance which changes 
continuously depending on a control voltage or may have two 
states of ON and OFF which are switched in response to a control 
voltage. 

20 While each of the aforementioned embodiments employs the 

resistors 3 and 4 as the first and second loads, other elements 
such as MOSFETs, MESFETs, bipolar transistors, inductors or 
transformers may alternatively be employed as the first and 
second loads . 

25 Fig. 12 is a circuit diagram showing the structure of 



a variable gain differential amplifier according to an eleventh 
embodiment of the present invention. 

The variable gain differential amplifier shown in Fig. 
12 is formed by bipolar transistors (hereinafter simply 
5 referred to as transistors) 1 and 2, resistors 3, 4, 5, 6, 11, 
12 and 13 and n-MOSFETs (hereinafter simply referred to as FETs) 
7, 8 and 9. The FETs 7, 8 and 9 form a variable resistance 
circuit 20. The resistors 3, 4, 5 and 6 serve as constant 
current sources . 

10 The base of the transistor 1 is connected to an input 

terminal Nil receiving an input signal RFin(+), and the base 
of the transistor 2 is connected to another input terminal NI2 
receiving another input signal RFin(-). The input signals 
RFin(+) and RFin(-) are differential inputs. The collectors 

15 of the transistors 1 and 2 are connected to a power supply 
terminal NVC receiving a power supply voltage Vcc through the 
resistors 3 and 4 respectively. The emitters of the 
transistors 1 and 2 are connected to ground terminals through 
the resistors 5 and 6 respectively. The collectors of the 

20 transistors 1 and 2 are connected to output terminals NOl and 
N02 respectively. Output signals RFout(+) and RFout(-) are 
derived from the output terminals NOl and N02 respectively. 
The output signals RFout(+) and RFout ( - ) are differential 
outputs . 

25 The two FETs 7 and 8 are serially connected between nodes 
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Nl and N2 connected to the emitters of the transistors 1 and 
2 respectively. The FET 9 is connected between a node N3 
between the FETs 7 and 8 and a ground terminal. 

The gates of the FETs 7 and 8 are connected to a control 
5 terminal NG1 receiving a control voltage AGC1 through the 
resistors 11 and 12 respectively. The gate of the FET 9 is 
connected to a control terminal NG2 receiving a control voltage 
AGC through the resistor 13. The control voltages AGC1 and 
AGC2 change complementarily to each other. 

10 In this embodiment, the transistor 1 corresponds to the 

first transistor, the transistor 2 corresponds to the second 
transistor, the FETs 7 and 8 correspond to the first variable 
impedance devices , and the FET 9 corresponds to the second 
variable impedance device. The resistor 3 corresponds to the 

15 first load, the resistor 5 corresponds to the second load, the 
resistor 4 corresponds to the third load and the resistor 6 
corresponds to the fourth load. Further, the variable 
resistance circuit 20 corresponds to the variable impedance 
circuit . 

20 Fig. 13(a) is a circuit diagram of the variable resistance 

circuit 20, Fig. 13(b) is an equivalent circuit diagram of the 
variable resistance circuit with the FETs 7 and 8 in ON-states 
and the FET 9 in an OFF- state, and Fig. 13(c) is an equivalent 
circuit diagram of the variable resistance circuit 20 with the 

25 FETs 7 and 8 in OFF-states and the FET 9 in an ON-state. 
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It is assumed that Ron represents ON-state resistance 
of the FETs 7, 8 and 9 and Coff represents OFF-state capacitance 
of the FETs 7 , 8 and 9 . 

The FETs 7 and 8 of the variable resistance circuit 20 
5 are hereinafter referred to as series FETs 7 and 8, while the 
FET 9 is hereinafter referred to as a shunt FET 9. 

When a small signal is input, the control voltages AGC1 
and AGC2 are set high and low respectively, so that the series 
FETs 7 and 8 are turned on and the shunt FET 9 is turned off. 

10 The variable resistance circuit 20 is in an ON-state when the 
series FETs 7 and 8 are in ON-states and the shunt FET 9 is 
in an OFF-state. In this case, two ON-state resistances Ron 
are serially connected between the nodes Nl and N2 , as shown 
in Fig . 13(b). Further, the OFF-state capacitance Coff is 

15 connected between a node N3 between the ON-state resistances 
Ron and a ground terminal. Thus, the impedance of the variable 
resistance circuit 20 is reduced. Consequently, a high gain 
and a low noise characteristic can be obtained. 

When a large signal is input, the control voltages AGC1 

20 and AGC2 are set low and high respectively, so that the series 
FETs 7 and 8 are turned off and the shunt FET 9 is turned on. 
The variable resistance circuit 20 is in an OFF state when the 
series FETs 7 and 8 are in OFF-states and the shunt FET 9 is 
in an ON-state. In this case, two OFF-state capacitances Coff 

25 are serially connected between the nodes Nl and N2 , as shown 



in Fig. 13(c). Further, the ON-state resistance Ron is 
connected between the node N3 between the ON-state resistances 
Ron and the ground terminal. Thus, the impedance of the 
variable resistance circuit 20 is increased. Consequently, 
5 reduction of distortion can be achieved. 

In this case, the ratio of the impedance of the variable 
resistance circuit 20 between the nodes Nl and N2 in the 
OFF-state to that in the ON-state is increased. Consequently, 
increase of the gain and reduction of the noise can be achieved 

10 when receiving a small signal while reduction of distortion 
can be achieved when receiving a large signal, also in a 
high-frequency domain. 

In order to compare the impedance ratios in OFF- states 
and ON- states in the variable resistance circuit 20 shown in 

15 Figs. 13(a) to 13(c) and the variable resistance circuit 200 
shown in Figs. 21(a) to 21(c) with each other, levels of 
isolation and insertion loss were calculated. 

The ON-state resistance Ron and the OFF-state 
capacitance Cof f of FETs employed for the calculation were set 

20 to 2 Qm and about 1 pF/mm respectively. A standard CMOS process 
was assumed for varying the gate width in the range of 10 \xm 
to 100 nm. The calculation frequency was set to 1 GHz 
sufficiently influenced by the OFF-state capacitance Coff . 

Fig. 14 illustrates the results of calculation of 

25 isolation and insertion loss of the variable resistance circuit 
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200 shown in Figs, 21(a) to 21(c), Fig. 15 illustrates the 
results of calculation of isolation and insertion loss of the 
variable resistance circuit 20 shown in Figs. 13(a) to 13(c). 

As shown in Fig. 15, the isolation in the OFF- state was 
5 improved by at least 3 0 dB in the variable resistance circuit 
20 shown in Figs. 13(a) to 13(c) as compared with the result, 
shown in Fig. 14, of the variable resistance circuit 200 shown 
in Figs. 21(a) to 21(c) although the insertion loss in the 
ON-state was slightly deteriorated. Thus, the insertion loss 

10 in the ON-state can be reduced without reducing the isolation 
in the OFF-state by increasing the gate width of the FETs . 

For example, by setting the emitters of the transistors 
1 and 2 in the variable gain differential amplifier shown in 
Fig. 12 to a size suitable for reducing noise and by switching 

15 the control voltages AGC1 and AGC2 supplied to the gates of 
the series FETs 7 and 8 and the shunt FET 9 of the variable 
resistance circuit 20 to 3 V and 0 V respectively, the series 
FETs 7 and 8 and the shunt FET 9 are switched between ON- and 
OFF-states. When a small signal is input, the control voltages 

20 AGC1 and AGC2 are set to 3 V and 0 V respectively thereby turning 
on the series FETs 7 and 8 and turning off the shunt FET 9. 
When a large signal is input, the control voltages AGC1 an AGC2 
are set to 0 V and 3 V respectively thereby turning off the 
series FETs 7 and 8 and turning on the shunt FET 9 . 

25 When the gate widths of the series FETs 7 and 8 and the 



shunt FET 9 are set to 2 50 |jun in this case, for example, the 
impedance ratio between the ON- and OFF-states of the variable 
resistance circuit 20 is -1,298 dB/-54.2 dB. When the gate 
width of the FET 107 in the variable gain differential amplifier 
5 shown in Fig. 20 is set to 250 jjun, on the other hand, the 
impedance ratio between the ON- and OFF-states of the variable 
resistance circuit 200 is -0.668 dB/-16.2 dB. 

Thus, in the variable gain differential amplifier 
according to this embodiment, the impedance ratio between the 
10 OFF- and ON- states of the variable resistance circuit 20 is 
remarkably improved as compared with the variable resistance 
circuit 200 of the conventional variable gain differential 
amplifier shown in Fig. 20. 

The impedance ratio between the OFF- and ON-states can 
15 be further improved by fixing the gate width of the series FETs 
7 and 8 of the variable resistance circuit 20 and varying the 
gate width of the shunt FET 9 . 

Fig. 16 is a circuit diagram showing the structure of 
a variable gain differential amplifier according to a twelfth 
20 embodiment of the present invention. 

The variable gain differential amplifier shown in Fig. 

16 further comprises resistors 14 and 15 and capacitors 16, 

17 and 18 in addition to the structure in the variable gain 
differential amplifier shown in Fig. 12. The capacitor 16 is 

25 connected between an input terminal Nil and the base of a 



transistor 1, and the resistor 14 is connected between another 
input terminal NI2 and the base of another transistor 2. The 
resistor 15 is connected between the bases of the transistors 
1 and 2 f and the base of the transistor 2 is grounded through 
5 the capacitor 17. The capacitor 18 is connected between the 
collector of the transistor 2 and an output terminal N02 . Thus , 
the input terminal NI2 is grounded in a high-frequency manner. 

The structures of the remaining parts of the variable 
gain differential amplifier shown in Fig. 16 are similar to 
10 those of the variable gain differential amplifier show in Fig. 
12. 

In this embodiment, the resistors 14 and 15 and the 
capacitors 16 and 17 form an inversion circuit. 

A unilateral ground input signal RFin is supplied to the 
15 input terminal Nil, and a dc bias Vbb is applied to the input 
terminal NI2. An inverted signal of the unilateral ground 
input signal RFin appears on the base of the transistor 2. A 
unilateral output signal RFout is derived from the output 
terminal N02 . 

20 Also in the variable gain differential amplifier 

according to this embodiment, the ratio between the impedance 
in an OFF-state of a variable resistance circuit 20 between 
the nodes Nl and N2 to the impedance in an ON-state is increased 
similarly to the variable gain differential amplifier 

25 according to the eleventh embodiment. Consequently, increase 
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of the gain and reduction of the noise can be achieved when 
receiving a small signal, and reduction of distortion can be 
achieved when receiving a large signal, also in a high- 
frequency domain. 

Fig. 17 is a circuit diagram showing another exemplary 
variable resistance circuit 20. The variable resistance 
circuit 20 shown in Fig. 17 is formed by m series FETs 78 and 
(m - 1) shunt FETs 90, where m represents an integer of at least 
3. The m series FETs 78 are serially connected between nodes 
Nl and N2 . The (m - 1 ) shunt FETs 90 are connected between nodes 
between the series FETs 78 and ground terminals respectively. 

The gates of the series FETs 78 are connected to a control 
terminal NG1 receiving a control voltage AGC1 through resistors 
112 , and the gates of the shunt FETs 90 are connected to a control 
terminal NG2 receiving a control voltage AGC2 through resistors 
130. 

When a voltage exceeding the performance of each of the 
series FETs 7 and 8 of the variable resistance circuit 20 shown 
in Fig. 12 is applied between the source and the drain thereof, 
the output signals RFout(+) and RFout(-) are distorted. When 
the m series FETs 78 are serially connected between the nodes 
Nl and N2 as shown in Fig. 17, therefore, the voltage applied 
between the source and the drain of each FET 7 8 is reduced. 
Thus, further reduction of distortion can be achieved when 
receiving a large signal. 



Fig. 18 is a circuit diagram showing the structure of 
a Gilbert-cell multiplication circuit (mixer) according to a 
thirteenth embodiment of the present invention. 

The Gilbert-cell multiplication circuit shown in Fig. 
5 18 is formed by bipolar transistors (hereinafter simply 
referred to as transistors) 1, 2, 21, 22, 23 and 24 , resistors 
3, 4, 5, 6, 11, 12 and 13 and n-MOSFETs (hereinafter simply 
referred to as FETs) 7, 8 and 9. The FETs 7, 8 and 9 form a 
variable resistance circuit 20. The resistors 3, 4, 5 and 6 

10 serve as constant current sources. 

The base of the transistor 1 is connected to an input 
terminal Nil receiving an input signal RFin(+), and the base 
of the transistor 2 is connected to another input terminal NI2 
receiving another input signal RFin(-). The input signals 

15 RFin(+) an RFin(-) are differential inputs. The transistors 
21 and 22 are inserted between the collector of the transistor 
1 and output terminals NOl and N02 respectively. The 
transistors 23 and 24 are inserted between the collector of 
the transistor 2 and the output terminals NOl and N02 

20 respectively. The bases of the transistors 21 and 24 are 
connected to an input terminal NI3 receiving an input signal 
LOin( + ) , and the bases of the transistors 22 and 23 are connected 
to another input terminal NI4 receiving another input signal 
LOin(-). The input signals LOin(+) and LOin(-) are 

25 differential inputs. The collectors of the transistors 21 and 
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23 are connected to a power supply terminal NVC receiving a 
power supply voltage Vcc through the resistor 3. The 
collectors of the transistors 22 and 24 are connected to the 
power supply terminal NVC through the resistor 4 . 

The structures of the remaining parts of the Gilbert-cell 
multiplication circuit shown in Fig, 18 are identical to those 
of the variable gain differential amplifier shown in Fig. 16. 

In this embodiment, the transistor 1 corresponds to the 
first transistor, the transistor 2 corresponds to the second 
transistor, the transistor 21 corresponds to the third 
transistor, the transistor 22 corresponds to the fourth 
transistor, the transistor 23 corresponds to the fifth 
transistor, and the transistor 24 corresponds to the sixth 
transistor. The FETs 7 and 8 correspond to the first variable 
impedance devices , and the FET 9 corresponds to the second 
variable impedance device. The resistor 3 corresponds to the 
first load, the resistor 5 corresponds to the second load, the 
resistor 4 corresponds to the third load, and the resistor 6 
corresponds to the fourth load. Further, the variable 
resistance circuit 20 corresponds to the variable impedance 
circuit . 

The FETs 7 and 8 of the variable resistance circuit 20 
are hereinafter referred to as series FETs 7 and 8, and the 
FET 9 is referred to as a shunt FET 9. 

It is assumed that a differential input signal RF is 
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expressed as RFin(+) - RFin(-), another differential input 
signal LO is expressed as LOin(+) - LOin(-) and a differential 
output signal IF is expressed as IFout( + ) - IFout(-) . Assuming 
that f RP represents the frequency of the differential input 
5 signal RF, f LO represents the frequency of the differential 
input signal LO and f IF represents the frequency of the 
differential output signal IF, the following equation holds: 

^ IF = ^ RF — ^LO 

Assuming that the frequency f RF of the differential input 

10 signal RF is 1.1 GHz and the frequency f LO of the differential 
input signal LO is 1 GHz , the frequency f IF of the differential 
output signal is 2.1 GHz or 100 MHz. When taking out the 
frequency f IF of 100 MHz , the Gilbert-cell multiplication 
circuit shown in Fig. 18 can serve as a down-converter. 

15 In the Gilbert-cell multiplication circuit shown in Fig. 

18, control voltages AGC1 and AGC2 high and low are set 
respectively when a small signal is input, thereby turning on 
the series FETs 7 and 8 and turning off the shunt FET 9. Thus, 
a high gain and a low noise characteristic can be achieved. 

20 When a large signal is input, the control voltages AGC1 

and AGC2 are set low and high respectively, thereby turning 
off the series FETs 7 and 8 and turning on the shunt FET 9. 
Thus, reduction of distortion can be achieved. 

In this case , the ratio between the impedance in an 

25 OFF-state of the variable resistance circuit 20 between the 
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nodes Nl and N2 to the impedance in an ON-state is increased. 
Consequently, increase of the gain and reduction of the noise 
can be achieved when receiving a small signal, and reduction 
of distortion can be achieved when receiving a large signal, 
5 also in a high-frequency domain. 

Fig. 19 is a circuit diagram showing the structure of 
a Gilbert -cell multiplication circuit (mixer) according to a 
fourteenth embodiment of the present invention. 

The Gilbert -cell multiplication circuit shown in Fig. 
10 19 further comprises resistors 14, 15, 25 and 26 and capacitors 

16, 17, 18, 27 and 28 in addition to the structure in the 
Gilbert -cell multiplication circuit shown in Fig. 18. 

The capacitor 16 is connected between an input terminal 
Nil and the base of a transistor 1, and the resistor 14 is 
15 connected between another input terminal NI2 and the base of 
another transistor 2. The resistor 15 is connected between 
the base of the transistor 1 and the input terminal NI2, and 
the base of the transistor 2 is grounded through the capacitor 

17. Thus, the input terminal NI2 is grounded in a high- 
20 frequency manner. 

The capacitor 27 is connected between an input terminal 
NI3 and the bases of the transistors 21 and 24, and the resistor 
26 is connected between another input terminal NI4 and the bases 
of the transistors 22 and 23. The resistor 25 is connected 
25 between the bases of the transistors 21 and 24 and the input 



terminal NI4, and the bases of the transistors 22 and 23 are 
grounded through the capacitor 28. Thus, the input terminal 
NI4 is grounded in a high-frequency manner. 

The capacitor 18 is connected between the collectors of 
5 the transistors 22 and 24 and the output terminal N02 . 

The structures of the remaining parts of the Gilbert-cell 
multiplication circuit shown in Fig. 19 are similar to those 
of the Gilbert-cell multiplication circuit show in Fig. 18. 

In this embodiment, the resistors 14 and 15 and the 
10 capacitors 16 and 17 form a first inversion circuit, while the 
resistors 25 and 26 and the capacitors 27 and 28 form a second 
insertion circuit. 

A unilateral ground input signal RFin is supplied to the 
input terminal Nil, and a dc bias Vbb2 is applied to the input 
15 terminal NI2. An inverted signal of the unilateral ground 
input terminal RFin appears on the base of the transistor 2. 
A unilateral ground input signal LOin is supplied to the input 
terminal NI3 , and a dc bias Vbbl is applied to the input terminal 
NI4. An inverted signal of the unilateral ground input signal 
20 LOin appears on the bases of the transistors 22 and 23. 

A unilateral output signal IFout indicating the result 
of multiplication of the unilateral ground input signals RFin 
and LOin is derived from the output terminal N02 . 

Also in the Gilbert-cell multiplication circuit 
25 according to this embodiment, the ratio of the impedance in 
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an OFF- state of a variable resistance circuit 20 between nodes 
Nl and N2 to the impedance in an ON- state is increased similarly 
to the Gilbert-cell multiplication circuit according to the 
thirteenth embodiment. Consequently, increase of the gain and 
5 reduction of noise can be achieved when receiving a small signal, 
and reduction of distortion can be reduced when receiving a 
large signal, also in a high-frequency domain. 

In the Gilbert -cell multiplication circuit shown in each 
of Figs. 18 and 19, the variable resistance circuit 20 shown 

10 in Fig. 17 may be employed. Thus, further reduction of 
distortion can be achieved when receiving a large signal. 

While each of the aforementioned embodiments employs 
bipolar transistors as the first to sixth transistors, other 
transistors such as MOSFETs or MESFETs (metal-electrode- 

15 semiconductor field-effect transistors) may alternatively be 
employed as the first to sixth transistors. The first to sixth 
variable impedance devices may have an impedance which changes 
continuously depending on a control voltage or may have two 
states of ON and OFF which are switched in response to a control 

20 voltage. 

While each of the aforementioned embodiments employs the 
resistors 3 to 6 as the first to fourth loads, other elements 
such as MOSFETs, MESFETs, bipolar transistors, inductors or 
transformers may alternatively be employed as the first to 
25 fourth loads. 
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Although the present invention has been described and 
illustrated in detail, it is clearly understood that the same 
is by way of illustration and example only and is not to be 
taken by way of limitation, the spirit and scope of the present 
5 invention being limited only by the terms of the appended 
claims . 



